We examine a new class of volumetric metamaterials based on two-dimensional (2D) transmission-line layers that exhibit a negative refractive index (NRI). The dispersion characteristics of a single 2D layer are revealed through a periodic analysis, and the effective-medium response of the volumetric layered topology is predicted by an intuitive equivalent circuit model. Dispersion and transmission characteristics are also obtained for various designs by using full-wave finite-element method (FEM) simulations, including one design meeting the requirements of Veselago's slab lens in free space, and suggest an isotropic NRI over bandwidths anywhere from 25% to 45%. Finally, the potential to implement these metamaterials from terahertz to near-infrared and optical frequencies is discussed.
INTRODUCTION
In the 1950's and 1960's, there was a great impetus toward the realization of artificial dielectrics (see, for example, Refs. 1-3 and the list of works referenced in Ref. 4) . These works sought to synthesize effective materials with electromagnetic scatterers, or artificial molecules, which could be designed to produce a particular macroscopic response at long wavelengths. Recently, artificial dielectrics have experienced a resurgence of interest under the guise of metamaterials, effective media whose properties transcend those available in nature. Arguably, the most interesting of these transcendent properties has been the negative refractive index (NRI).
In the late 1960's, the Russian physicist Victor Veselago envisioned materials in which the permeability and permittivity were simultaneously negative. 5 He proved that Maxwell's equations permitted wave solutions in such media for which the electric and magnetic field vectors, along with the wave vector, formed a left-handed triplet and, accordingly, termed these media left-handed. Consequently, the phase and group velocities for these solutions are oppositely directed, as in the well-known backward wave. This allowed him to show, in a general and comprehensive way, that materials with both a negative permittivity and a negative permeability could be described by a NRI. Conditions for a negative permittivity, as in overdense plasmas, were well known in the domain of artificial dielectrics; indeed, plasmalike conditions can be modeled by an array of thin metallic wires [6] [7] [8] or, equivalently, by inductively loading free space. 9 For many years, however, the obstacle to realizing negative refraction was the absence of any direct analog for the negation of the permeability. This was eventually achieved by Pendry et al., who introduced the split-ring resonator, an electromagnetic scatterer designed to synthesize a strong negative permeability through a resonance mechanism. 10 The two metamaterials, one an array of wires designed for a negative permittivity and the other an array of split-ring resonators exhibiting a negative permeability over a particular range of frequencies, were combined into a composite metamaterial by Shelby et al. , who succeeded in verifying the phenomenon of negative refraction, over 30 years after Veselago's initial postulates were published. 11 Following these seminal works, other realizations of the NRI metamaterial were considered. One example is the negative-refractive-index transmission-line (NRI-TL) medium, consisting of a transmission-line (TL) network periodically loaded using inductors and capacitors and operating in the long-wavelength regime. 12, 13 The concept of modeling dielectrics using distributed L -C networks is not new; in fact, it was rigorously studied for conventional dielectrics as early as the 1940's by Kron 14 and Whinnery and Ramo, 15 when it effectively generalized the wellknown low-pass lumped-element distributed representation of the familiar TL in which the series inductance and shunt capacitance represented, respectively, the positive permeability and permittivity of the intrinsic medium. The novelty of the NRI-TL approach, however, was in the realization that the reversal of the positions of the L and C elements in the conventional topology, which yields a dual topology, successfully negates its effective-medium parameters and produces the correct causal dispersion characteristics associated with NRI media. 12, 13 Subsequently, a comprehensive theory for these dual structures was developed, and both simulations and experiments at microwave frequencies established that such TL networks could be used not only for the modeling of conventional materials, as employed by Kron, Ramo, and Whinnery, but also for the realization of new materials. Furthermore, since these designs are completely scalable with frequency, it is entirely foreseeable that metamaterials based on TL-equivalent perspectives can be fabricated in the terahertz or far-infrared range, limited only by the onset of plasmonic resonances in the metals. In fact, even in the optical regime, some recent work has revealed that similar TL concepts can be employed for particular ar-rangements of plasmonic materials such as silver and gold. 16, 17 We shall avail ourselves of these concepts later in this work.
The results of Kron, Ramo, and Whinnery were employed by Brewitt-Taylor and Johns in their formulation of the transmission-line matrix (TLM) method of modeling electromagnetic phenomena in the time domain. 18 Brewitt-Taylor and Johns identified the specific unit-cell topologies for such networks for both TE and TM polarizations. The former is known as the series TLM node and the latter as the shunt TLM node; they are depicted for the two-dimensional (2D) case in Figs. 1(a) and 1(b). In both cases, the capacitive and inductive elements directly determine the constitutive parameters-the desired permittivity and permeability, respectively-of the effective medium. In a realized form with TLs, it is clear that Fig.  1(a) is simply the series interconnection of four TLs, whereas Fig. 1(b) is a shunt interconnection of four TLs. Hence, we shall refer to the two topologies as the series TL unit cell and the shunt TL unit cell, respectively.
A completely 3D physical realization of an isotropic NRI-TL medium based on Kron's topology has been proposed and designed in Refs. [19] [20] [21] . Unfortunately, this 3D topology is complex and not easily fabricated by lithographic techniques. These technologies are ideally suited to the fabrication of planar or stratified structures. However, if we restrict our polarization and limit our directions of propagation, practical structures that can be readily fabricated with prevalent lithographic techniques may become available. Moreover, certain 3D topologies may, conceivably, be realized by appropriately interlocking these 2D layers in orthogonal planes. Thus, both structures can be based on the 2D topologies already employed for planar phenomena. For example, we may envision a 3D network constructed by layering planes of 2D unit cells, as shown in Fig. 2 . Such a network could, under certain conditions, be designated an effective medium for propagation along the planes and would best be termed a volumetric layered 2D medium.
Although the shunt NRI-TL topology can be symmetrized by distributing the series inductances across the signal and return paths, it is evident that these two paths must be noncoplanar. As shown in Fig. 1(a) , this is avoided in the series TL unit cell, making it an ideal topology with which to construct a volumetric layered medium. Consider Fig. 3 , which depicts a periodic array of series TL unit cells. In comparing a single cell in the array (lightly shaded region) to Fig. 1(a) , the reader will notice that we have generalized the lumped loading in preparation for the analysis to follow. Previously, it was noted that this unit cell may be perceived as the series connection of four TL segments. It is also evident from Fig. 3 that the unit cell for this array may alternatively be perceived as a ring of impedances connected to adjacent rings via admittances (darkly shaded region). The voltages along the TLs and the opposite currents on the conductors of each two-wire TL segment could alternatively be visualized as a potential difference in the gaps between loops and circulating current induced in each ring by the electric and magnetic fields, respectively, of an impinging plane wave. We shall find it useful to refer to both perspectives throughout the course of the following analysis. From either perspective, it is evident that the effective polarization is that for which the magnetic field lies perpendicular to the ring plane and the electric field lies within the plane (the propagation vector also lies in the plane), which we shall hereafter refer to as the TE polarization. We may now ask: does the 2D series TL unit cell also have a dual topology capable of producing a left-handed, or NRI, response? Furthermore, can a volumetric NRI medium be created by stacking layers of dual series TL arrays? This paper addresses these questions by developing the dispersion theory and effective-medium response of the single-layer series NRI-TL network, followed by the design of practical volumetric layered 2D structures that exhibit a NRI. Full-wave simulations showing the dispersion characteristics of an infinite periodic volumetric medium and transmission properties of a slab of finite thickness are presented. An intuitive equivalent circuit model is used to verify the results and also to design a volumetric NRI-TL structure meeting the requirements of Veselago's slab lens in free space. Finally, the possibility of scaling these media for operation at terahertz frequencies or employing plasmonic concepts for operation at near-infrared or optical frequencies, is discussed.
SINGLE-LAYER 2D NRI-TL MEDIUM
In this section, we develop the dispersion characteristics of the single-layer 2D NRI-TL medium based on the series TL network of Fig. 3 , which will constitute the layers of the proposed volumetric medium. Although this structure may be analyzed in a number of ways, the most simple and instructive way employs the TL series junction picture. The following development, a variation of which has also been reported in Ref. 22 , is based on a transfermatrix (ABCD) analysis of periodic networks entirely analogous to that presented for the shunt TL unit cell in Ref. 23 . An effective-medium regime will be identified, and the constitutive parameters of the effective medium will be determined in this regime.
A. Periodic Analysis
We begin with the transfer-matrix definition, which relates the input and output terminal voltages and currents of a two-port network, as shown in Fig. 4 :
͑1͒
Following the development reported in Ref. 22 , we depict the four-port unit cell for the structure to be analyzed in Fig. 5 ; in the present case, the transmission matrix orientations and current reference directions have been chosen to exploit symmetry. The input and output voltage and current quantities (ports {1,2} and {3,4}, respectively) are related through an overall phase shift represented by the complex exponential exp͑−j␤ p d͒, where ␤ p is the FloquetBloch wave vector in the direction p = ͕x , y͖ and d is the physical cell dimension. That is,
We now specify the branches making up the series TL unit cell. As shown in Fig. 6 , each branch shall consist of a TL of characteristic impedance Z 0 and electrical length / 2 separating a series impedance Z / 4 (distributed across 
where we have assumed that all branches are constructed using TLs of the same characteristic impedance and electrical length. It is also clear from Eqs. (3) that the parameters B and C are concerned solely with the impedance Z and admittance Y, respectively, and A is independent of either. The parameter D may be obtained from the other three parameters by using the reciprocity condition.
In what is to follow, we shall specify the analysis for a uniaxial network consisting of reciprocal branches
Applying Kirchhoff 's current and voltage laws at the terminal intersections yields four independent equations, whose solution gives both the Floquet-Bloch propagation constant and the Bloch impedances-the characteristic impedances seen by Floquet-Bloch waves propagating in the x and y directions. The 2D uniaxial dispersion relation can, therefore, be written as follows:
We are also in a position to derive general expressions for the Bloch impedances:
The dispersion relations of 2D periodic structures are often described by frequency contours in reciprocal space. The reciprocal space for a square lattice is shown in Fig.  7 . The labels in the figure correspond to the points of high symmetry, and the conditions for each are listed in Table  1 . These points represent Bragg frequencies-the onset of stop bands produced by the contradirectional coupling between different Floquet-Bloch spatial harmonics-that can be obtained by substituting the appropriate conditions into Eq. (5). Of course, we are most interested in the propagation characteristics near ⌫, which, at low frequencies, will be shown to correspond to the effective-medium limit. The vicinity of ⌫ is described by the conditions
Representing the propagation directions through an azimuthal propagation angle such that ␤ x = ␤ cos and ␤ y = ␤ sin and noting that A x = A y , we see that the dispersion equation of Eq. (5) yields Table 2 presents the simplification of Eq. (8) in the isotropic case ͑B x = B y = B , C x = C y = C͒ and in the anisotropic case for interesting propagation angles. It is relevant to note at this point that the effect of the series loading is completely embedded in the parameter B, whereas that of 
a n is an integer corresponding to a particular Floquet-Bloch spatial harmonic. 
a Selected propagation angles. the shunt loading is embedded in C. When the network is isotropic, it is clear that all directions of Floquet-Bloch wave propagation possess the same dispersion characteristics near ⌫. The dispersion characteristics for axial propagation ( = 0 and = / 2) depend on the shunt loading corresponding to that axis but also depend on the series loading on both axes. Finally, propagation along the grid diagonals is affected by the series and shunt elements on both axes. We now simplify the results for the isotropic case. Substituting the appropriate expressions for B and C from Eqs. (3) into the isotropic dispersion relation listed in Table 2 and factoring yield the complete axial dispersion relation in the vicinity of ⌫:
The zeros of this function identify the edges of stop bands near ⌫, of which there are an infinite number. The edges of these stop bands are given by the solutions to the transcendental equations corresponding to each factor:
In this regime, the Bloch impedances also have reduced forms,
which suggests the effective Bloch impedance
so that
Thus, it is clear that Z B is also the Bloch impedance for axial propagation (i.e., =0 or = /2).
B. Effective-Medium Parameters
We may directly obtain the per-unit-length (distributed) inductance and capacitance of the medium from the Floquet-Bloch wave vector ␤ and Bloch impedance Z B as follows:
The Bloch impedance, along with the isotropic dispersion relation listed in Table 2 , can be rearranged to express the desired quantities:
Making these substitutions and inserting the appropriate transmission matrix parameter expressions from Eqs. (3), we have
͑15͒
These expressions describe the per-unit-length inductance and capacitance of an effective TL representing propagation in an isotropic TL network near each one of infinitely many ⌫ points at successively higher frequencies. They may be related to the constitutive parameters of an effective medium when the unit cells are much smaller than the applied wavelength. This condition is satisfied only at low frequencies, where the dispersion characteristics are dominated by the lowest-order ͑n =0͒ Floquet-Bloch spatial harmonic, and is known as the effective-medium regime. At these frequencies, the interconnecting TLs can be considered to be electrically small so that Ӷ 1. Applying this to Eqs. (15) and retaining only second-order terms in the Taylor expansion yields
We may also write the host TL parameters as
where ⑀ p and p are the material parameters of the intrinsic medium filling the host TL segments and g p is the positive geometric constant that relates the characteristic impedance of the host TLs to the wave impedance of the intrinsic medium. Inserting Eqs. (17) into Eqs. (16) yields
where the quantities 2 p g p and ⑀ p / g p are seen to be the per-unit-length inductance and capacitance, respectively, of the host TL. Finally, in this effective-medium regime, L eff and C eff can also be related to the effective-medium parameters eff ͑͒ and ⑀ eff ͑͒ through a geometrical factor, which we shall denote g eff . Thus, the effective-medium parameters of our network can be written as follows:
Each effective-medium parameter expression consists of two terms: the first is contributed by the (nondispersive) host TL medium alone, whereas the second is dependent on the loading. Furthermore, it is evident that the effective permeability is determined by the series loading, whereas the effective permittivity is determined by the shunt loading. Revisiting Table 2 and recalling from the previous discussion that the transmission matrix parameters B and C were, respectively, associated with the series and shunt loading, it can be seen that the effective medium can be made anisotropic only by varying the shunt loading between the axes. However, since the shunt loading on a particular axis determines the effective permittivity for propagation along that axis, it is clear that such a network would be electrically anisotropic, in contrast to the shunt NRI-TL network, for which varying the series loading between the axes yields magnetic anisotropy. 24 In the unloaded case-that is, for Z = Y = 0-we restore the parameters of the unloaded medium. The difference, however, lies in the factor of 2 in the effective permeability, resulting from the restrictions in propagation direction in the 2D geometry. This will be elucidated shortly. For simplicity, let us assume that the two geometrical factors are identical-that is, g p = g eff = g-which yields
Essentially, this is equivalent to saying that the field mappings associated with propagation in the loaded and unloaded networks are identical; that is, we have taken an effective TL filled with 2 p and ⑀ p and substituted the filling medium with eff ͑͒ and ⑀ eff ͑͒. For purely real effective-medium parameters, both Z and Y are required to be purely reactive. If we load the lines with a series inductance L 0 and shunt capacitance C 0 (that is, in a lowpass configuration), we arrive at the following effectivemedium parameters:
Loading in this manner yields positive, nondispersive effective-medium parameters, where the loading has merely been distributed through the length of the unit cell, d. This topology can be used to model conventional, nondispersive, lossless dielectrics and, excepting the interconnecting TLs, is identical to the series TLM model. Consider now loading the lines with a series capacitance C 0 and shunt inductance L 0 (that is, in a high-pass, or dual, configuration), as shown in Fig. 8 . The arrows in the figure indicate the equal and opposite currents in the TL segments assumed in the preceding analysis. This perspective also enables one to see the current loops in the ring perspective. The effective-medium parameters for this configuration are strikingly different:
It is evident that the second term of each effectivemedium parameter is now negative and strongly dispersive, the latter property consistent with the requirements of causality. 4, 5 When the parameters are simultaneously negative, this effective medium can be said to possess a NRI. In anticipation of this result, we shall hereafter refer to this array as the 2D series NRI-TL network. We now return to the factor of 2 in the first term of the effective permeability expression. Previously, it was noted that this was due to the fact that propagation in the grid is re- stricted to the two orthogonal grid axes. The effect of the 2D nature of the grid is most easily seen for the case of axial propagation, as shown in Fig. 9 for propagation along the x axis (i.e., with ␤ y = 0). From Eqs. (6), we see that, if ␤ y = 0, the Bloch impedance Z B y = 0. As noted in Ref. 22 , this implies from Eqs. (6) that V y = 0, which amounts to short circuiting the dual series NRI-TL node terminals transverse to the direction of propagation. In this case, the transverse branches of the unit cell act like shorted series TL stubs. In the effective-medium limit, these stubs can be shown to double the effective permeability of the host medium in a manner contrasting, but entirely analogous to, the doubling of the effective permittivity of the host medium in the 2D shunt NRI-TL grid. 12 For the unloaded medium, whose effective-medium parameters can be obtained from Eqs. (20) by setting Z = Y = 0, it is clear that the phase velocity of propagating Floquet-Bloch waves is reduced by a factor of ͱ 2 from the intrinsic, a result that is also analogous to that determined for the 2D shunt NRI-TL medium. 12, 23 The complete axial dispersion relation for a representative series NRI-TL design is shown in Fig. 10(a) in the form of an -␤ diagram. At low frequencies, the interconnecting TLs may be regarded as electrically infinitesimal, and all that remains of the series NRI-TL unit cell are the loading elements. Such a structure behaves like a 2D L -C filter and, therefore, possesses a Bragg resonance (labeled B ), below which propagation is forbidden. The fundamental mode supported by this structure, which appears thereafter, clearly possesses the left-handed or NRI characteristic, and the effective-medium condition is achieved in the approach toward the edge of the first stop band at C,1 . Propagation is restored beyond C,2 , where the concavity of the band structure exhibits (conventional) right handedness.
These dispersion characteristics may also be understood in terms of the material parameter expressions of Eqs. (22) . The edges of the stop band shown in Fig. 10(a) effectively correspond to the zeros of the material parameter expressions. Hence, we may refer to C,1 and C,2 as magnetic and electric plasma frequencies,
Below their respective plasma frequencies, the effectivemedium parameters are individually negative. The stop band, therefore, corresponds to the situation in which only one of the two parameters is negative (the frequency region between C,1 and C,2 ), where the effective propagation constant is imaginary. In the frequency range with upper bound min͕ C,1 , C,2 ͖, the effective-medium parameters are simultaneously negative, and it is here that the negative effective refractive index, or left-handed characteristic, is observed. 
C. Closure of the Stop
where Z 0 is the characteristic of a single host TL segment and Z 0,2D = ͱ 2Z 0 is the characteristic impedance seen by a Floquet-Bloch wave propagating in the 2D unloaded TL grid in the homogeneous limit. Thus, expression (24) states that the stop band may be closed simply by choosing the loading elements L 0 and C 0 such that the characteristic impedance of the 2D host medium is equal to that of the underlying purely left-handed distributed medium consisting of the loading elements alone, which is identical to the impedance-matched condition reported for the shunt NRI-TL unit cell in Eq. (29) Fig. 10 (a) to satisfy expression (24) results in the impedance-matched design shown in Fig. 10(b) . One consequence of the closure of the stop band is the restoration of a nonzero group velocity at the point of closure. 25 It was shown in Ref. 26 that the impedance-matched condition for the shunt NRI-TL node closed not only the lowest ⌫-point stop band but, in fact, closed each one of the infinite stop bands in the vicinity of ⌫, whose edges are described by the solutions of Eqs. (10). The reader may verify that this is also true of the series NRI-TL node by substituting the impedance-matched condition (24) into Eqs. (10).
D. Practical Realization
We now consider a practical realization of the 2D series NRI-TL layers proposed above in preparation for Section 3, in which a volumetric layered NRI-TL medium is designed and simulated. With ease of fabrication in mind, we select for our planar host medium the coplanar-strip TL, consisting of two flat, edge-coupled strips (strip width W, separation S), and assume it to be embedded in a homogeneous medium of relative permittivity ⑀ r . The characteristic impedance of the coplanar-strip TL is given by
where 0 = 377⍀ is the free-space wave impedance and K is the complete elliptic integral of the first kind. The geometric factor g can also be identified as follows:
We employ wide strips with small gap spacings and place them in a periodic array with period d. As noted previously, such an arrangement may also be viewed as an array of square metallic rings, as shown in Fig. 11(a) . The unit cell is shown in black. Other ring shapes, e.g., circular, triangular, or hexagonal, may also be described by the above theory, provided that appropriate modifications are made to the geometry-dependent parameters of the host TL medium. The loading may be achieved using either discrete lumped elements or printed lumped elements, as in the shunt NRI-TL structure. Discrete lumped elements have the benefit that they permit small structures at low frequencies and are easier to model. On the other hand, printed lumped elements allow scalability and lower the cost of fabrication significantly. This will be a particular advantage in the construction of a volumetric medium consisting of multiple layers of series NRI-TL arrays, for which a discrete lumped-element realization would be prohibitively expensive. Figure 11(b) shows the placement of the shunt inductive connections between the metallic rings, and Fig. 11(c) depicts the series capacitive loading (the individual capacitors on the intersecting coplanarstrip lines shown in Fig. 8 have been combined in series at the corners of the rings). The resulting planar series NRI-TL unit cell is shown in Fig. 11(d) .
VOLUMETRIC LAYERED 2D NRI-TL MEDIUM
We now apply the results of the previous sections to the design and characterization of a volumetric layered structure consisting of stacked series NRI-TL arrays. It is, therefore, important to make the transition from the planar network discussed thus far to the volumetric medium to be studied. By layering unit cells periodically both in the xy plane (with horizontal lattice spacing d) and along the z axis (with vertical lattice spacing p), we produce the volumetric unit cell depicted in Fig. 12 . When excited by a TE z -polarized plane wave propagating in the xy plane, the stacked rings exhibit identical current patterns; consequently, the top and bottom faces of the unit cell of Fig. 12 can be regarded as magnetic walls. For simplicity, we may also restrict our study to the highly representative case of axial propagation (normal incidence), in which the electric field remains in the x direction. In this case, we may additionally replace the faces of the cube normal to x with electric walls.
A. Two-Port TL Model for Volumetric Layered NRI-TL Medium
On the basis of the assumptions described above, we present an intuitive TL model that attempts to capture the essential dispersion characteristics of the effective volumetric layered medium by using an equivalent circuit for the cell depicted in Fig. 12 . The dispersion relation of the volumetric layered NRI-TL medium may then be obtained as that of an infinite periodic structure consisting of such unit cells via a periodic analysis. The interpretation of this equivalent circuit will be made easier by viewing the volumetric unit cell from the top, as shown in Fig.  13(a) , where the electric walls are as indicated and the magnetic walls are parallel to the page. The orientation of the incident field quantities is also indicated. The corresponding equivalent circuit unit cell is shown in Fig.  13(b) ; in the following discussion, we shall justify its constituent elements by using the schematic representation in Fig. 13(a) .
When unloaded by the series NRI-TL layers, the waveguide can be described by a distributed inductance L wg / d = 0 g wg and capacitance C wg / d = ⑀ r ⑀ 0 / g wg , where g wg = d / p and ⑀ r is the relative permittivity of the medium filling the waveguide. When the layers are introduced, the impinging magnetic field induces currents in the capacitively loaded rings and, thus, alters the inductance of the waveguide. This can be modeled (as described in Refs. 28-30 for the split-ring resonator) by one's coupling L wg to the rings (described by the total capacitive loading C 0 and self-inductance L r ) via a mutual inductance M = L wg F, where F is the effective (area) filling factor of the rings inside the unit cell. The electric field is also perturbed by the introduction of the layers. Currents are produced in the ring when the electric field excites the gap between the horizontal coplanar strips (through which the electric wall runs), where it experiences the inductive loading L 0 . In these regions, the model employs the distributed capacitance of the coplanar-strip TLs, C x = ⑀ r ⑀ 0 / g [g is as given in Eq. (26)], in shunt with the loading inductance, L 0 . However, currents can also be produced when the electric field excites the loading capacitors, C 0 . These currents see the effective series inductance L r Ј=L r − M 2 / L wg , which is simply the self-inductance of the ring, less the image inductance due to coupling to the external waveguide. In Fig. 13(a) , the total capacitive loading and effective series inductance have been divided evenly across the two halves of the ring. Because the impinging electric field simultaneously excites both sides of the ring, Fig. 13(b) places them in parallel.
B. Effective-Medium Parameters of the Volumetric Layered NRI-TL Medium
The per-unit-length series impedance ͑ZЈ͒ and shunt admittance ͑YЈ͒ of Fig. 13(b) , respectively, represent the distributed inductance and capacitance of an effective TL describing axial propagation in the volumetric layered NRI-TL medium. As with the equivalent circuit models of the single-layer series and shunt NRI-TL nodes, 12,22 these distributed parameters describe the magnetic and electrical characteristics of the network and, therefore, can be related to the effective-medium parameters, v ͑͒ and ⑀ v ͑͒, of the volumetric layered NRI-TL medium via a geometrical factor, g v . One establishes this relationship by noting that the effective-medium parameters in the absence of the 2D layers must reduce to those of the intrinsic medium filling the waveguide, v ͑͒ = 0 and ⑀ v ͑͒ = ⑀ r ⑀ 0 , which insists that g v is, in fact, g wg of the waveguide. Thus, the effective-medium parameters of the volumetric layered NRI-TL medium may be obtained using the following expressions:
C. Discrete Lumped-Element Design and Full-Wave Simulations
To gain a full appreciation of the intricacies of this geometry, as well as the ability of the above theory to predict its dispersion features, it should be instructive to examine the axial dispersion characteristics of the volumetric layered medium for the various stages in the evolution of the planar unit cell depicted in Figs. 11(a)-11(d) . For this purpose, we consider a representative design employing discrete lumped elements whose design parameters are listed in Table 3 . The metal used is copper ͑ = 5.8 ϫ 10 7 S/m͒ with finite thickness t; the host dielectric possesses a relative permittivity of 3 and also includes material losses through a loss tangent of 0.0013. With these values, the dispersion relations corresponding to each case in Figs. 11(a)-11(d) were obtained using Ansoft's HFSS finite-element full-wave electromagnetic solver and are shown in Figs. 14(a)-14(d). Owing to the thickness of the coplanar strips, and the resulting nonuniform distribution of current on the rings, it is difficult to define a unique ring size. Therefore, we have assigned the rings an effective size dЈ = 3.66 mm, which we employ to estimate the capacitive contribution of the TL segments, as well as the effective filling factor F = ͑dЈ / d͒ 2 . Although dЈ is selected to achieve the best matching between the TL model and full-wave dispersion data, it is, nevertheless, close to the center-to-center distance between coplanar strips across the ring.
Unloaded Case
The dispersion of the unloaded series NRI-TL network, consisting of the host coplanar-strip medium alone, is depicted in Fig. 14(a) . The full-wave dispersion data and the TL model (in the absence of the loading, i.e., L 0 , C 0 → ϱ) show good correspondence at low frequencies, after which the latter begins to diverge. Nevertheless, it should be interesting to examine the equivalent unit cell of Fig. 13(b) under these conditions. Since currents are induced in the ring by the impinging magnetic field, the total series inductance of the waveguide, L wg , is diminished by a factor ͓1−M 2 / ͑L wg L r ͔͒, which remains between nil and unity. Since the total per-unit-length series inductance determines v ͑͒, it is clear that the volumetric layered medium consisting of unloaded rings possesses a positive effective permeability and, furthermore, is diamagnetic, a property that is typical of simple artificial dielectrics consisting of metallic inclusions. 4 The shunt branch of the equivalent unit cell consists of the waveguide capacitance C wg in parallel with the series combination of the coplanar-strip capacitance and the effective ring inductance, suggestive of what is seen by the impinging electric field looking at the unloaded rings edge on. Thus, at low frequencies, the shunt branch appears to describe the shunt capacitive loading of the waveguide, which suggests an effective permittivity greater than unity; this property is also expected of simple artificial dielectrics. 
Inductively Loaded Case
When the constituent coplanar-strip TL segments are loaded in shunt with inductors or, equivalently, when the rings are connected to each other as shown in Fig. 11(b) , the dispersion relation takes the form shown in Fig. 14(b) . The forbiddance of propagation at low frequencies can be explained by the fact that the inductive loading creates a continuous conducting path at low frequencies that causes each layer to behave like a ground plane. Stacked layers of such planes are unable to support the propagation of a TE z -polarized plane wave. Moreover, from a TL perspective, the inductors can be said to effectively cut off the TL mode at low frequencies. This is also evident from Fig. 13(b) , where, in the absence of C 0 , the shunt branch is essentially shorted by the inductive loading (consisting of L 0 as well as the inductive contribution of the ring) at low frequencies. Propagation is eventually restored when the capacitance between the coplanar strips supersedes both the inductive loading and the inductive contribution of the ring-that is, at the resonance frequency of the overall shunt branch in Fig. 13(b) -where the total shunt admittance YЈd = 0 (open circuit). In Fig. 14(b) , this occurs at approximately 3.64 GHz, and is labeled ep . From the effective-medium perspective, this frequency yields the condition ⑀ v ͑ ep ͒ = 0 and, thus, corresponds to an effective electric plasma frequency below which the effective permittivity of the medium is negative.
Capacitively Loaded Case
Loading the host TL medium with capacitors as shown in Fig. 11(c) yields the dispersion relation of Fig. 14(c) . This dispersion characteristic may be expected of any capacitively loaded ring structure and, therefore, is similar to that obtained for arrays of split-ring resonators. 10 Accordingly, we have employed the same notation in identifying the resonance frequencies 0 = 2.30 GHz and mp = 2.83 GHz. At low frequencies, the series branch of Fig.  13(b) is purely inductive (representing a positive effective permeability), while the shunt branch remains capacitive, permitting conventional right-handed propagation. However, the ring resonates at 0 , after which it contributes capacitively to the series branch (strongly negative effective permeability). This capacitance dominates the series branch and forbids propagation until it resonates with the series inductor, which occurs at mp . These two frequencies may be given by the following expressions:
where we have employed the relation M = L wg F. Thus, it is clear that the region of negative permeability corresponds to the frequency region enclosed by 0 and mp . In fact, mp is the resonance frequency of the overall series branch in Fig. 13(b) , at which the total series impedance ZЈd = 0 (short circuit). This implies that v ͑ mp ͒ = 0 and suggests that mp can be regarded as an effective mag- netic plasma frequency, analogous to ep in the inductively loaded case.
Dual L -C Loaded Case: Composite Series NRI-TL
We recall here that the inductive loading alone provides a negative effective permittivity below ep , whereas the capacitive loading provides a negative effective permeability between 0 and mp . Thus, when the rings are loaded simultaneously using inductors and capacitors, as shown in Fig. 11(d) , we may reasonably expect a region of lefthanded propagation enclosed by the range of frequencies in which the effective-medium parameters are simultaneously negative. The dispersion relation for the composite structure takes the form shown in Fig. 14(d) . Indeed, the most interesting feature of the composite NRI-TL dispersion relation is the restoration of propagation in the region enclosed exactly by the frequencies 0 and C,1 = mp , where both the inductively loaded and the capacitively loaded cases were previously cut off. As expected, we observe that the dispersion relation in this region possesses a left-handed characteristic. When the permeability once again becomes positive (at C,1 = mp ), a stop band appears and is maintained until C,2 , after which conventional right-handed propagation is restored. However, the dispersion data in Fig. 14(d) also indicate a region of lowfrequency propagation below the ring resonance 0 . Previously, we noted that the inductive loading prevented propagation at low frequencies. However, although the unit cells remain connected by the inductors, the continuous conducting path is now broken by the ring capacitance, C 0 , which, as we noted, may also be excited by the impinging electric field. The appearance of C 0 in series with the loading inductance in Fig. 13(b) ensures that the shunt branch is capacitive at low frequencies and becomes inductive near B in Fig. 14(d) , where the total shunt admittance YЈd → ϱ (short circuit). Thus, strictly speaking, the effective permittivity of the composite structure can be regarded as negative only between B and ep .
The correspondence between the equivalent circuit model of Fig. 13(b) and the full-wave simulation results is satisfactory in all the above cases. We now discuss some features of the obtained dispersion relations, particularly with reference to the NRI bandwidth, and the possibility of designing the volumetric layered medium for a closed stop band.
D. Bandwidth of the Negative-Refractive-Index Region
The NRI bandwidth, which corresponds to the frequency region in which v ͑͒ and ⑀ v ͑͒ are simultaneously negative, can be increased by decreasing 0 while increasing C,1 = mp and C,2 = ep . For the moment, let us assume that the inductive loading is fixed. We see from Eqs. (28) that the reduction in 0 is easily achieved by increasing C 0 ; although this results in a commensurate decrease in C,1 , we can enhance the latter either by increasing the effective filling factor F (as observed for the split-ring resonator 10, 31 ) or by increasing the waveguide inductance L wg . One way to increase L wg is to increase g wg , which is accomplished by either shrinking the plane separation, p, or increasing the width of the unit cell, d. These optimizations may cause C,1 to overshoot C,2 , in which case the upper bound of the NRI region is dictated by the latter and can be tuned by varying the loading inductance, L 0 .
E. Closure of the Stop Band
It was previously shown that the stop band for the 2D series NRI-TL network in the homogeneous limit could be closed by equating the expressions for the band edges, or plasma frequencies, of the effective media, analogous to what was reported for the shunt NRI-TL node in Ref. 12 . This represented an impedance-matched condition in which the characteristic impedance of the network consisting of the loading elements alone was matched to that of the layer in the absence of the loading. We now consider applying the same concept to the equivalent circuit model of the volumetric layered NRI-TL medium shown in Fig.  8 . It was shown that ⑀ v ͑ ep ͒ = 0 and v ͑ mp ͒ = 0 represent resonance conditions in which the overall series and shunt branches were, respectively, short circuited and open circuited. Thus, setting ZЈ͑ p ͒ = YЈ͑ p ͒ = 0 produces a unit cell that appears, at the common resonance frequency p , to be a direct, zero-phase connection from input to output, as described in Refs. 32 and 26. Performing the relevant calculations leads to the following condition for closing the stop band:
which has been cast in the form of expression (24) for comparison. Alternatively, this may be written as the equality of two resonance frequencies:
Indeed, mp is the resonance frequency of the series branch, but x is not generally equal to the resonance frequency of the shunt branch, ep . The origin of x is revealed by examination of the shunt branch of Fig. 13(b) , in which the series L -C resonator consisting of L r Ј/4 and 4C 0 (representing the loaded ring) also resonates (i.e., it becomes a short circuit) at mp . Thus, when the series branch resonates, the shunt branch reduces to the waveguide capacitance loaded by the coplanar-strip capacitance, in shunt with the loading inductance. To put these ideas to the test, we adapt the design given in Table 3 to meet the impedance-matched condition of Eq. (29) by increasing the loading inductance from 5.6 nH to approximately 10 nH. Figure 15 presents the results of the theory (dashed curve) as well as the corresponding full-wave simulation results using HFSS (dots), which demonstrate that the stop band is, indeed, closed.
F. Fully Printed Design and Full-Wave Simulations
It was previously noted that the volumetric layered NRI-TL medium is ideally fabricated in a fully printed form to avoid the cost and effort of placing large numbers of discrete inductors and capacitors. In this section, we consider a design employing printed lumped capacitors and inductors rather than discrete elements. For the shunt inductive loading, we employ a metal strip of width w L connecting the coplanar-strip TLs, and, for the series capacitive loading, we propose the use of interdigitated capacitors with finger width w f and gap width w g . The resulting geometry of the complete, printed planar unit cell is shown in Fig. 16 . For comparison with the discrete lumped-element geometry, we now examine the axial dispersion characteristics of the volumetric medium consisting of layers of fully printed series NRI-TL arrays, for the various stages in the evolution of the printed planar unit cell (that is, the unloaded ring, shunt loading with metallic strips, series loading with interdigitated capacitors, and composite loading using both metallic strips and interdigitated capacitors). The printed geometry shall employ the design values listed in Table 3 , with the discrete elements replaced by printed elements employing the values introduced in Table 4 . The resulting dispersion relations, which should be compared with the corresponding cases in Figs. 14(a)-14(d) , are shown in Figs. 17(a)-17(d)  (dots) . Generally, the dispersion features in each case resemble those of the discrete-element design: the unloaded ring is common to both designs; the inductively loaded structure forbids propagation at low frequencies and restores propagation above a cutoff frequency ep ; the capacitively loaded case exhibits a stop band between resonance frequencies 0 and mp , above and below which propagation is permitted; and the composite fully printed NRI-TL structure shows a backward-wave passband enclosed by the frequencies 0 and C,1 = mp , where it can be surmised the effective permittivity and permeability are simultaneously negative. The design parameters listed in Tables 3 and 4 have been determined through simulations to maximize the NRI bandwidth, which is valued at 25%-30%. Simulations of other such printed designs, not presented here, indicate that the stop band may also be closed in these structures without compromising the NRI bandwidth. Thus, the fully printed realization of the volumetric layered NRI-TL layered medium, like its discrete-loaded counterpart, is capable of producing a region of backwardwave propagation in which the effective refractive index can be said to be negative. However, it is also important to note some of the differences between the two designs. First, although the geometry of the host coplanar-strip TLs is common to both designs, all the observed dispersion features in the printed case occur at higher frequencies. This is, undoubtedly, due to the fact that the loading values realized by the printed elements are much smaller than those of the discrete elements listed in Table 3 . This also affects the electrical size of the unit cells, which we require to be smaller than the wavelength; that is, the effective-medium approximation is valid so long as the unloaded rings are nonresonant. From Fig. 17(a) , the first such resonant condition appears to occur near 10 GHz. Although the backward-wave band in Fig. 17(d) remains below this frequency, its proximity to the resonant condition suggests that the effective-medium approximation may be difficult (however, not impossible) to enforce with a fully printed volumetric layered medium. Second, although C,2 corresponds to ep in the discrete-element design, the printed structure indicates a shift of approximately 10% that may be attributed, at least partially, to the appreciable electrical size of the host medium and printed elements at these frequencies. Third, the stop band separating the low-frequency and backward-wave bands in the discrete-element design at the edge of the Brillouin zone [i.e., the region enclosed by B and 0 in Fig. 14(d) ] tends to be much smaller in the printed-element designs. In the present case, which has been optimized for bandwidth, Table 3 but with L 0 increased from 5.6 nH to approximately 10 nH to meet the impedance-matched condition of Eq. (29); obtained using the HFSS finite-element solver (dots) and equivalent circuit model (dashed curves). the stop band has been minimized to such an extent that we choose to omit the label identifying the lower cutoff frequency, B . We believe that this optimization also contributes to the intriguing reversal of concavity of the backward-wave band away from the ⌫ point, as compared with that of the discrete-element design. Last, we have observed that that the equivalent circuit-based theory has difficulty in accurately predicting the dispersion features of structures in which the loading element values are small, as in the printed case. Consequently, a more refined theory may be required to fully characterize these structures and aid in their design. One can ascertain the isotropy of the metamaterial in the effective-medium limit by examining the equifrequency contours in the 2D reduced Brillouin zone corresponding to the backward-wave band. These were obtained for the volumetric NRI-TL unit cell by using HFSS and are presented in Fig. 18 ; the equifrequency contours are projected to the zero-frequency plane. As expected, the dispersion contours become circular in the approach to the edge of the stop band, or the ⌫ point, where homogeneity is achieved. Thus, in this frequency region, propagating Floquet-Bloch waves see an isotropic NRI.
It has also been observed that increasing the series capacitance loading the ring increases the percentage bandwidth. The ring capacitance, the reader will recall, helps to determine both the ring resonance frequency 0 and the magnetic plasma frequency mp , the two frequencies that generally decide the bandwidth of the left-handed frequency region. Therefore, increasing the ring capacitance depresses both resonances by approximately the same amount and, thus, increases the percentage bandwidth. One could achieve the increase in capacitance by eliminating some of the capacitors in series, but such a strategy would render the unit cell of Fig. 16 asymmetric and hence anisotropic even in the effective-medium limit. Alternatively, we may consider using a unit cell based on a triangular ring, which reduces the number of required series capacitors to the minimum of three. The rectangular unit cell studied for a lattice of triangular series NRI-TL rings is shown in Fig. 19(a) , and its dispersion relation, obtained using HFSS, is shown in Fig. 19(b) . This design also employs the parameters listed in Tables 3 and  4 but produces a NRI at lower frequencies and with a fractional NRI bandwidth of nearly 45%.
G. Transmission Characteristics of a Volumetric NRI-TL Slab
The previous simulations suggest the existence of a NRI, or left-handed, band for the infinite volumetric layered NRI-TL structure; however, to study transmission properties, we must consider a structure that is finite in the direction of propagation, or, in other words, possesses a thickness. This slab of metamaterial would be inserted into a surrounding medium and illuminated with a plane wave. Figure 20(a) illustrates such an arrangement; the volumetric layered NRI-TL metamaterial slab is three unit cells thick and infinite in all other directions and is illuminated by a normally incident TE plane wave polarized as shown. When the slab is illuminated in this fashion, we can isolate its unit cell, as shown in Fig. 20(b) , and make use of image theory to produce the rest of the slab. As before, electric walls are placed on the left and right faces to simulate conditions of normal incidence, and magnetic walls are placed on the upper and lower faces.
The front and back faces are designated port 1 and port 2, respectively. The rings are designed as in the previous section, and the medium external to the slab (from which the plane wave is incident) is a dielectric with relative permittivity ⑀ r = 3 (identical to the filling medium surrounding the 2D series NRI-TL layers). The choice of three unit cells for the slab thickness was influenced by computational limitations resulting from the fine structure in the capacitor interdigitations and inductive strips. The field transmission ͑S 21 ͒ and reflection ͑S 11 ͒ coefficients were obtained using HFSS, over roughly the same frequency range shown in Figs shows the magnitude of the transmission (S 21 -black curve) and reflection (S 11 -gray curve) coefficients. It is evident from Fig. 21 (b) that this structure is not well matched; in fact, as previously noted, the design was not optimized for matching and instead was focused on improving the NRI bandwidth. Nevertheless, the transmission amplitudes are reasonable; for example, near the middle of the NRI passband at 7.8 GHz, the transmission exhibits a peak value of −1.5 dB (71%), where the reflection is −8.0 dB (16%). This mismatch can, conceivably, be determined as that between the wave impedance of the surrounding space and the effective wave impedance of the volumetric medium. For an example of how the two media can be matched, we revert to a discrete-element design that, in addition to possessing an effective wave impedance equal to that of free space, is designed for a refractive index of −1.
H. Discrete-Element Design Matched to Free Space
One of the many intriguing ideas associated with Veselago's NRI medium was the flat lens, which, if embedded in air, would cause the rays emanating from a source to come to a focus by virtue of negative refraction at the lens faces. 5 He noted that designing the effective permeability ͑ eff ͒ and permittivity ͑⑀ eff ͒ of the lens such that eff =− 0 and ⑀ eff =−⑀ 0 would yield two important results: (1) the relative refractive index would be exactly −1 in free space, rendering this focusing aberration free, and (2) the wave impedance in such a medium would be matched to that in free space. Pendry later noted that, in addition to restoring the phase of the complete propagating spectrum of the source, such a lens would also be able to recover the amplitudes of the evanescent spectrum, 33 offering a theoretically unlimited resolution ability. A superresolving 2D lens employing these ideas was designed using a 2D shunt NRI-TL array and is described in Ref. 34 .
The volumetric NRI-TL medium may be characterized by the effective-medium parameters of Eqs. (27) , obtained from the equivalent circuit model of Fig. 13(b) . We now consider a design based on discrete lumped elements that meets the above two conditions for Veselago's lens. Setting v =− 0 and ⑀ v =−⑀ 0 and retaining as many of the design values in Table 3 as possible, we find that this condition, although quite sensitive to small variations in the design, can be met at a frequency of 2.52 GHz simply by increasing the loading inductance L 0 from 5.6 to 11.37 nH. Figure 22 (a) presents the dispersion characteristics of this design as obtained using the equivalent circuit model (dashed curve), HFSS simulations of the infinite periodic structure (gray dots), and HFSS simulations of the slab arrangement of Fig. 20(a) employing this design. In this case, the slab is embedded in vacuum. The light cone in vacuum (not shown) is found to intersect the full-wave dispersion data near the predicted 2.52 GHz (between 0 and C,1 ), where Eqs. (27) simultaneously produce v / 0 = ⑀ v / ⑀ 0 = −1. Figure 22(b) shows the transmission (S 21 -black curve) and reflection (S 11 -gray curve) coefficients. The transmission in this frequency region exhibits a peak value of −0.16 dB (96%), where the reflection is better than −15 dB (3%). Thus, the volumetric NRI-TL medium can be designed to meet the conditions required to realize Veselago's lens for plane-wave components propagating in the plane of the rings. Essentially, this suggests that the appropriate source for such a lens is an infinite line source, making this volumetric layered medium akin to the planar media studied previously. 12, 34, 35 
I. Volumetric NRI-TL Medium at Terahertz to Optical Frequencies
We now revisit the idea of scaling such layered metamaterials for operation at terahertz frequencies and consider plasmonic implementations that may yield a NRI at nearinfrared or optical frequencies.
At terahertz frequencies, we are restricted to the use of printed lumped elements; as an example, let us consider the printed design of Tables 3 and 4 , whose minimum feature size is the finger width of the interdigitated capacitor ͑100 m͒. Current lithographic techniques can produce features that are typically 50 nm across or less. This suggests that the unit cells may be scaled down by a factor of approximately 2000, implying that this particular design can be fabricated to operate above 15 THz. The ability to model plasmonic materials-resonances using TL analogies, as described in Refs. 16,17, may enable the design of similar printed, volumetric structures at near-infrared or even optical frequencies. It was shown in Ref. 16 that nanometer-scale plasmonic metallic particles, which can exhibit a negative permittivity in the near-infrared or visible region, respond to applied fields in a manner akin to an inductor. Similarly, we can identify a capacitance in the fringing fields between adjacent metallic particles. Using these two concepts, we can envision the optical equivalents of the series NRI-TL structure formed by replacing the inductive elements with plasmonic nanoparticles, as shown in Fig. 23(a) for a square NRI-TL unit cell and in Fig. 23(b) for a triangular NRI-TL unit cell. The particles themselves are represented in the diagrams as spheres, but their shapes may be chosen to suit particular unit-cell geometries. It is interesting to note that the two resulting lattices of par- ticles, representing the series NRI-TL topology, resemble those proposed by Shvets in Figs. 1(c)-1(d) of Ref. 36 to support left-handed surface waves and, therefore, exhibit a NRI at optical frequencies. Further support for the feasibility of such arrangements of plasmonic nanoparticles is given in the analytical treatment and finite-difference time-domain simulations of a chain of plasmonic spheres by Maier et al., 37 who have shown that such a structure supports a transverse backward-wave mode (see Fig. 2 of Ref. 37) . We note that the arrangements of Figs. 23(a) and 23(b) may possibly be extended to a volumetric structure either by layering these 2D lattices or by treating them as cross sections of an array of plasmonic cylinders.
On this note, it is evident that the particular arrangement of particles depicted in Fig. 23(a) for the square NRI-TL array corresponds to the face of a face-centeredcubic (FCC) lattice, so that, whereas layering such planes in an aligned fashion would result in a multilayered structure similar to that described in this work, misaligning alternating layers by half the cell period would result in a true 3D FCC lattice of plasmonic nanoparticles.
CONCLUSION
A new class of volumetric metamaterials based on 2D series NRI-TL layers has been shown to exhibit a negative refractive index. A periodic analysis of the 2D arrays was used to determine their effective-medium response, including expressions for their effective-medium parameters. A volumetric medium, constructed by stacking individual series NRI-TL layers, was proposed, and an equivalent circuit model was developed to produce its dispersion characteristics. Full-wave phase and transmission simulations for various designs employing both discrete and printed lumped elements revealed isotropic backward-wave propagation, hence a negative refractive index, over bandwidths anywhere from 25%-45%. Prescriptions for increasing the bandwidth and closing the stop band were also presented. The equivalent circuitbased theory was used to design a volumetric NRI-TL structure meeting the requirements of Veselago's slab lens in free space, for which transmission and reflection coefficients measured −0.16 and −15 dB, respectively, at a frequency at which the medium possesses a refractive index of −1 and a wave impedance equal to that of vacuum. The possibility of scaling the volumetric layered medium to terahertz frequencies, as well as possible plasmonic implementations at near-infrared or optical frequencies, was also discussed.
